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ABSTRACT

The acceleration mechanism of relativistic electrons in
solar flares is considered by taking into account the physical
condition of accelerating regions such as plasma density and
magnetic field intensity. For the electrons of the kinetic
energy range < 10 Mev, it is shown that the Fermi acceleration
is more effective than the betatron acceleration. The most
plausible values of the plasma number density and the strength
of sunspot magnetic fields in the accelerating regions are
estimated to be < 108 - 1010 cn™3 and 10 - 10° gauss, respec-
tively. This suggests that the accelerating regions are
located somewhere above the Hy-~flare regions. The accelerating
regions may be identified with the triggering regions of solar
flares where 811Pkin/B2 < <1 (P, kinetic plasma pressure;
B: sunspot magnetic field intensity) and so approximately
satisfy the force-free condition as regards magnetic field

configuration. The accelerated electrons and their relation

to the emission of type IV radio bursts are briefly discussed.




1. INTRODUCTION

Boischot (1957) has proposed that type IV solar radio
bursts are emitted by the mechanism of the synchrotron radie-
ation from relativistic electrons generated in solar flares,
The generation of solar cosmic rays is usually associated
with the solar flares which generate the emission of type IV
mdio bursts (Hakura and Goh, 1959; Reid and Leinbach, 1959;
Sakurul, 1960). According to Boischot (1957), the relativistic
electrons must have been simultaneously accelerated with solar
cosmic ray particles.

Meyer and Vogt (1962) have succeeded for the first time
to detect directly the relativistic electrons of Mev energy
from the solar proton flare of 28 September, 1961, by the
balloon observation. This proton flare was also associated
with the emission of intense type IV radio bursts (Maxwell,
1963), which is characteristic to solar proton flares. Re-
cently, Cline and McDonald‘(IQGS) nave observed the relativi-
stic electrons of 1 - 10 Mev associated with Mé&»protan flares
by satellite observation. These proton flares were all ac-
companied by the emission of type IV radio bursts.

These observational results are very useful in consider-
ing the acceleration mechanism of relativistic electrons, the
physical condition of the accelerating regions and the relation
between the emission of type Iﬁ radio bursts and the acceleration

of solar cosmic rays.




2. THE GENERATION OF RELATIVISTIC ELECTRONS IN SOLAR FLARES

Solar proton flares are gemnerally associated with the
emission of type IV radio bursts of broad-band frequencies,
which are thought of as being produced by the gyro-synchrotron
emission from the energetic electrons of 100 Kev - 10 Mev

(e.g., Smith and Smith, 1963; Wild, Smerd and Weiss, 1963;

Kinduir 1965). This result indicates that the acceleration of
solar cosmic ray particles is usually accompanied by that of
energetic electrons. As has been discussed, the electrons of

relativistic energy from solar proton flares have recently

been observed in the interplanetary space by satellites (Cline

and McDonald, 1968; McDonald, Cline and Simnett, 1969). Further-

more, these elections seem to be partly responsible for the
emission of type IV radio bursts.

In order to consider the acceleration of electrons, we
must take into account the energy loss processes owing to the
collision with ambient particles, the bremsstrahlung and
synchrotyon radiation , In discussing the acceleration mech-
anism of relativistic electrons, we assume that the motion of

these electrons will fulfills the condition on the guiding-

center approximation. The formula for the electron acceleration

is, therefore, given by

22
9% = aE + 8 EEE_ - (Loss terms) (1)
and
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(loss terms) = (collision loss) + (Bremsstrahlang loss)
4+ (synchrotron radiation loss), ..... (2)

where E, p, ¢ and t are the total energy and momentum of
electrons, the speed of light and time, respectively. The
coefficients, 5y and B give the efficiency of the Fermi and
betatron accelerations, respectively(e.g., Hayakawa et al.,
1964; Sakurai, 1965a, 1965b). In estimating the efficiency
of Fermi acceleraticn, the electrons being in acceleration are
assumed to be redistributed through the scattering due to the
head-on or overtaking collisions with the magnetic irregulari-
ties in the accelerating regions. The efficiency of both the
Fermi and betatron acceleration is schematically shown in
Fig. 1. 1In this figure, the two cases are shown in the cases
of y = B, B = 10y. It is clear from this figure thwt the
efficiency of Fermi acceleration is usually higher than that
of the betatron acceleration in both cases in the non-relativi-
stic energy range < 106 ev.

As shown in Fig. 2, the energy losses as cited above
are dependent on the ambient plasma density and the strength
of magnetic fields. Amdng these three energy loss processes,
in the kinetic energy < 10 Mev, the bremsstrahlung loss is
much smaller than the collision and synchrotron radiation
losses. In estimating these energy losses, we used the

formula on the collision loss calcuiated by Hayakawa and

Kitao (1956) and that on the bremsstrahlung loss obtained by




Heitler (1954) and Gingburg and Syrovatskii (1964). It is

remarked that the collision loss is not dependent on the
temperature of the ambient medium in case of the particles
of kinetic energy greater than 1 Kev.
For the charged particles to be accelerated the ac-
celeration rate must overcome all of the energy loss rates.

From this criterion, we can calculate the so-called, injection

energy of accelerating particles (Egzmi, 1949). As is evident
from eq. (1), the acceleration rate due to both Fermi and
betatron mechanisms is roughly proportional to E since

pzcz/E ~ E when E > 5 x 102 Kev. With increasing energy, the
energy loss rate due to the collision becomes smaller as

shown in Fig. 2, whereas the synchrotron and bremsstrahlung
loss rates increase., 1In the relativistic energy range, these
rates become to be proportional to E2 and E, respectively.
Consequently, the acceleration does not take place continuously
without limitation since, with increasing energy, the synchrotron
energy loss rate lastly becomes higher than the acceleration
rate due to the Fermi and betatron mechanisms.

Taking into account eqs; (1) and (2) and the discussion
just mentioned, we can estimate the physical state of the
regions where the electron acceleration takes place. Let us
first assume the acceleration region to be the same regions of
Hq-flare brightening, where the ambient plasma number density

has been deduced to be - 1013 cm"3 (e.g., Svestka, 1966;

deJaer, 1968). The strength of sunspot magnetic fields




in the Hr~-flare regions seems to be usually 1000-30C0 gauss

(e.g., Kiepenheuer, 1953; Smith and Smith, 1963). When the

electron acceleration takes place within such regions at
the initial kinetic energy range of 1 - 10 Kev, which is
recognized as the thermal tail of ambient electrons, the ac-

1 and 1.5 x 108

celeration rate must be higher than 102 ev sec”
ev sec"'1 for 1 and 10 Kev electrons, respectively. The reason
why the initial kinetic energy of accelerating electrons is
here assumed to be 1 ~ 10 Kev is as follows: Since the
ambient electrons seem to be usually thermalized even in the

4 _ 10° °K in temperature, before

flare regions, where is 10
the onset cf solar flares, the thermal tail electrons of such
distribution is estimated to be of 1 - 10 Kev as mentioned
above.

Since the Fermi acceleration is more effective than the
betatron acceleration in the energy range 1 - 10 Kev (see Fig.l),
the electron acceleration takes place mainly by the Fermi
mechanism. The rate of the Fermi acceleration must, therefore,
be higher than that of the energy losses due mainly to the
collision: for the electroms of E = 10 Kev, (B, ; initial
kinetic energy) which is recognized as the injection energy

6E > 1.5 x 10° eV sec™t

n > 3 X 102 sce.

The value of 5 for tae electrons of Ek = 1 Kev is higher than




the value just mentioned as deduced from Fig. 2.

Let us estimate the time necessary for electrons of
the initial kinetic energy 1 - 10 Kev to be acceierated to
10 Mev, as an example. The order of this time Tacc is given
by integrating eq. (1) with neglection of the energy loss
terms as follows: Tacc = (1/q) log (Em/E,), where Eo and
Em are the initial and final energy of the electrons. If the
acceleration region is located in the Hy-~flare regions where

N . 1013 =3, it follows that

Tace < 0.67 x 1072 sec (B, = 1 Kev)
(3)
< 0.9x 10'1 sec (Ek = 10 Kev)

The acceleration of solar cosmic rays is nowadays
bel:eved to cccur during the explosive phase of solar flares
which has been estimated to continue a 102 sec (e.g., Ellison,
McKenna and Reid, 1961). If the relativistic electrons are
assumed to be accelerated simultaneously with solar cosmic ray
particles in this phase, the time Tacc obtained above is much
shorter than the time scale of this phase. This result indi-
cates that, during one second, electrons can be accelerated to
the energy of 109 eV or more and, therefore, the kinetic energy
of these electrons will become to be 101l eV or more i1f the
acceleration will continue throughout the explosive phase. How-
ever, in this case, the synchrotron loss rate becomes higher

than the acceleration rate in the energy range higher than




about 10°

eV (see Fig. 2). Consequently, it seems difficult
to accelerate those electrons to the kinetic energy higher
than ~ 1092 ev.

If the acceleration continues for = 102 sec as
mentioned ahove, the electrons of 108 - 109 eV, say, will
be successively generated during this time. When these
electrons are immersed in the magnetic fields of strength
103 gauss, they are able to emit optically visible and ultra-
violet continuum by the synchrotron radiation mechanism for
~ 102 sec. The frequency range of the synchrotron radiation
by these eleg¢trons is, therefore, not confined in the radio
frequencies as 103 - 104 MHz, but optically visible and
ultraviolet wave range. Thus, we cannot explain the ob-
servational characteristics of type IV radio bursts by using
the synchrotron radiation mechanism. In order to solve this
difficulty, we will consider whether or not the acceleration
region is the same as the Hy-flare region.

As has been considered by many authors (e.g., Sakurai,
1965¢c, 1967; Sturrock,1967), the regions where solar flares
are triggered and some associated hydromagnetic instability
will develop , however, seem to be located in the regions
higher than the Hy-flare regions. In reality, the triggering
of solar flares usually starts somewhere in the upper chromo-
sphere or in the inner corona above sunspot groups. Since the

plasma number density in these regions is estimated to be

8.1010 on® (e.gz., dedager, 1968), the

about equal to 10




collision energy loss rate is reduced by three to five

orders of magnitude compared to the case of 1013 3., 1f
the electron acceleration takes place in such regions, the
acceleration rate necessary to overcome this energy loss is
reduced by the same orders of magnitude just mentioned. When
the initial kinetic energy of electrons is, say, ~ 10 Kev as
referred to earlier, the rate of Fermi acceleration must fill

the following condition:

aE > 105 eV sec'1 for N = 1010 cm"3
(4)

> 10° eV sec”l for N = 108 cm'3,
as estimated from the result shown in Fig. 2. In this case,
the time Tacc necessary for electrons to be accelerated to
10 Mev (Em) is given by

1

Em -7
T 5 los (=— ) < 10 se¢c for N = 10100m v

acc

< 103 sec for N = l(Jscm'3

Those times seem to be applicable to the idea that the ac-
celeration usually takes place during the explosive phase of
solar flares.

Since the strength of sunspot magnetic fields in the
triggering regions of solar flares is estimated to be 10 - 102

gauss, the frequency range of the synchrotron radiation by the

2 . .
electrons of 1 - 10 Mev energy is 10 -~ 104 MHz as is shown in

- 10 -




fFig. 3. This frequency range covers the whole spectrum of
type 1V radio bursts which are usually observed in associ-
ation with solar proton flares.

The mean collision time of the accelerating electrons
with magnetic irregularities is estimated to be . 10-5-1073
sec in the above case, which time is much shorter than the
deflection time of accelerating electrons due to the coulomb
force of ambient protons which has been estimated to be 0.1
second.or less (Takakura, 1961l). If the ‘-acceleration satis-
fying eq. (4) works in the flare regions in reality, we do
not need consider the redistribution of accelerating elec~-
trons due to the deflection by ambient electrons as has been
suggested by Takakura (1961), since the collision of these
electrons with magnetic irregularities necessarily produces

domization of their digtribution

- PS Vaiwria .

the ran
As is evident from Fig. 1, even if we assume B = 10q,
the Fermi acceleration is more effective compared with the
betatron one in the non-relativistic energy range when the
initial kinetic energy of electron is 1 - 10 Kev. In order
that the latter acceleration overcomes the former one at the
initlal energy of . 10 Kev, for example, the following cdn-
dition must be fulfilled: B z 102a. Since a > 0.2 and

-1 8cm_s, res-

o > 2 x 10 3sec for the cases N ~ 1010 and 10
pectively, it follows that 8 > 20 and 0.2 sec™l. If we refer
to the acceleration theory(Hayakawa et al., 1964; Sakarai,

1965a, 1965b), B is given by

- 11 -



in? L 3B
= ¢ _Bin"o OB 5 . 22 > (6)
P B St = TEETT S 3t
where A is the pitch angle of accelerating electrons. If we
assume that B ~ 102 gavyss, it follows that < %% >~ 4x103

and 40 gauss sec_1 for each of the two cases cited above.
Since, at present, we do not have any observational evidence
on such high-changing rates of sunspot magnetic fields and,
furthermore, on the fully developed deformation of sunspot
magnetic field configuration, this result suggests that, in
triggering regioné of solar flares, the role of the betatron
mechanism is negligible compared with the Fermi mechanism.
It thus seems that the assumption B > 102a is unreasonable.
The Fermi mechanism is, therefore, always dominant compared
with the betatron one in the energy range of < 103 Kev.

The synchrotron radiation loss works competitively with
the acceleration during the energization of electrons in the
kinetic energy higher than . 102Kev. The electrons thus ac-
clerated would become the radio sources responsible for type IV
radio bursts. The observational characteristics of these bursts
also suggest that the strength of sunspot magnetic fields within
the accelerating regions is 30-100 gauss as is estimated from
the relation among Ek,Btand fm as shown in Fig. 3.

The generation of relativistic electrons are always
assocliated with solar proton flares. This fact shows that the

acceleration of electrons is closely connected with that of
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proton and heavier nuclei. As has been concluded by Hayakawa
et-al. (1964), Sakaurai (1965a, 1965b) and Wentzel (1965), the
acceleration of solar cosmic ray nuclei is due mainly to the
Fermi mechanism at the initial stage of flare development.

We can thus conclude that the Fermi mechanism is responsible
for the acceleration of all electrons, protons and heavier

nuclei as suggested by Sakurai (1966).

3. PHYSICAL CONDITION OF ACCELERATING REGIONS

As estimated in the last section, the strength of the

sunspot magnetic fields and plasma humber density in the ac-

celerating regions are given by 10 - 102 gauss and 108_101°cm'3.

If we assume the temperature to be 104 - 105 Ok before the

t olar

~ L2 o~ e | - = nm o e o -
O1 S0.aX ¢ (" i

—~ o — ——y o~ o s -+
onse i1iares, we& caii estimatcte

the kinetic and magnetic pressures, which are here denoted

as P.._ and P, respectively: in the case of N = 1010cy 3
kin ma

and B = 102 gauss,

3 _

Puag 2 1.4x10% B . for T - 10% %k
> 1.4x10% P . for T = 10° °k.
~ kin

10 -3

Even if N < 10 cm and B > 10 gauss, it follows that
The configuration of the upper portion of sunspot magnetic
fields, therefore, seems to be of force-free type. This in-

formation is very important when we consider the cause of

- 13 -



solar proton flares in relation to the configuration of
sunspot magnetic lines of force above the sunspot groups

(e.g., Sakurai, 1967, 1969a; 1970; Sturrock, 1967).

4. ENERGETIC ELECTRONS AND TYPE IV RADIO BURSTS

Although the energetic electrons are simultaneously
generated with solar cosmic ray nuclei, the magnetic rigidity
of these electrons is much smaller than that of these nuclei
in the kinetic energy range lower than 100 Mev (Sakurai, 1961).
As 2 result, the major portion of accelerated electrons can
not escape from the accelerating region even when accelerated
protons and heavier nuclei do so. These electrons thus seem
to become the radio source of type IV radio bursts while being
trapped by sunspot magnetic lines of . force. A part of these
electrons would be 1injected into the lower chromosphere and
the photosphere and excite the X-ray and Hn-line emissions
through the collision with ambient atoms and ions.

Solar proton flares are generally associated with the
emission of type II radio bursts in addition to type IV radio
bursts. The initial emitted frequencies of type II radio
bursts is generally lower than about 100 MHz (Maxwell and
Thompson, 1962). If we assume the plasma distribution in the
30lar atmosphere as deduced by Newkirk (1961, 1966), this
suggests that the hydromagnetic shock waves would usually be
excited at the regions about 0.2 solar radius or higher above

the photosphere. These waves would produce shock-heated electrons

- 14 -




responsible for the emission of type II radio bursts. By
generating magneto-turbulenee, these shock waves also seem
to generate energetic electrons, along their path in the
solar corona, which produce the moving metric component of
type IV radio bursts, being now known as type 1V mA bursts
(Wild, 1962). The cause of these hydromagnetic shock waves
seems to lie in the finite amplitude magnetosonic waves
which propagate upward from the triggering regions of solar
flares as shown in Fig. 4. The relation among acceleration
of energetic electrons, radio-and other emissions and hydro-
magnetic shock waves is schematically shown in Fig. 4. The
source of hydromagnetic shock waves seems to be initially
released from the triggering regions of solar flares, as
mentioned above, and furthermore grow up to such shock waves
due mainly to the decrease of ambient plasma density. In

the initial stage of the development of type IV radio bursts,
the emissivity of the decimetric component is much lower than
those of the microwave and metric wave components as well

known (Castelli et al., 1967, 1968; Sakurai, 1969b). This

fact may be related to the growth of hydromagnetic shock

waves .

5. SUMMARY

By studying the acceleration mechanism of relativistic
electrons in solar flares, the following conclusions have been

obtained. (1) The regions of the electron acceleration is

- 15 -



different from the Hr-flare regions and located in the upper
chromosphere or the inner corona, above sunspot groups, where
the ambient plasma number density and the strength of sunspot

8 -
magnetic fields are 10 -1019 cm 3 and 10_102 gauss, respectively.

(2) The relativistic electrons are mainly accelerated by the
Fermi mechansim in the kinetic energy range 1Ke€V._10 Mev,
while, when o < B, the betatron mechanism becomes effective
on the electron acceleration ip the relativistic energy range,

> 10 Mev (Fig. 1).

(3) When the electron acceleration starts at the initial
kinetic energy 1 - 10 Kev, it is estimated that the energy

range of accelerated electrons is from 10 to 104 Mev if the

strength of sunspot magnetic fields is 10° gauss. 1f this
strength is 102 gauss, the highest energy of accelerated
electrons is ~ 102 Mev at most. In this case, the energy
range of accelerated electrons is 100 Kev ~ 100 Mev and is
applicable for the interpretation of the characteristics

of type IV radio bursts (Fig. 3) and the observed energy

range of solar relativistic electrons (Cline and McDonald,

1968; McDonald, Cline and Simnett, 1969).

(4) The highest energy of the accelerated electrons are
determined by the synchrotron radiation loss. This loss

rate becomes higher than the acceleration rate at the energy

- 16 -




defined approximately by the equation

where T} is the coefficient of the synchrotron radiation loss.

10 and 1068 cm"3

In cases of N = 10 » Ec . 5 Bev and . 50 Mev,
respectively. These values give the upper limit of the energy

of accelerated electrons.

(5) Solar flares initially develop due to some instability
connected with the sunspot magnetic fields in the upper
chromosphere or the inner corona above the sunspot groups.
The configuration of the sunspot magnetic fields seems to be

of force-free type.

(6) Major part of the accelerated electrons become the source
of type IV radio bursts since they are trapped by the sunspot

magnetic field lines in and near the accelerating regions.
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